Abstract This paper generalizes the theory of the electron runaway and runaway discharge to the case of a laminar electric field at an arbitrary angle to the magnetic field and derives the relevant threshold conditions. It is shown that the conditions of the runaway process depend on the angle between the electric and magnetic fields, and the ratio of their magnitudes. In fact, the geomagnetic field hinders the development of runaway breakdown in the atmosphere. This effect has implications for runaway discharges in the atmosphere caused by low-altitude lightning. The runaway discharges manifest themselves as fluxes of ? rays, as previously observed by the detector aboard Compton Gamma Ray Observatory. The geomagnetic field plays a significant role in the runaway discharge due to thunderstorms for heights above 20 km, where the cyclotron frequency of relativistic electrons exceeds their collision frequency. This effect depends on the angle between the electric and magnetic fields. Since the static electric fields from thunderclouds are directed almost vertically, one can expect a significant difference in the properties of high-altitude discharges occurring at equatorial and high-latitude regions.
not confine the plasma electrons which become ranaway, if the electric field E applied to the plasma is higher than ED. On the contrary, if the applied field is less than ED, electrons are confined by the dynamical friction. At the same time the electrons acquire relatively small velocity rE, directed along E. Thus the plasma is heated resistively. However, even in this regime, the friction force cannot confine fast electrons having energy e > e• _• T(ED/E) (see Figure   1 ). Such electrons are continuously accelerated by the electric field and mn away. For instance, tokamaks usually operate in the regime of resistive heating, but at some conditions the ranaway regime also takes place in tokamaks. A similar situation occurs in the weakly ionized plasma. However, unlike the fully ionized plasma, at low electron velocity the collision frequency v in the weakly ionized gas is determined by the cross section of the electron-neutral collision rather than by the thermal electrons. However, at high electron velocity, when the electron energy exceeds the ionization potential 
where A,, _• ec/Zei. These are the ranaway electrons in the neutral gas. We emphasize that the amplitude of the electric field leading to the electron ranaway is limited, since only for nonrelativistic electrons does the dynamical friction force drop when the electron energy Interest in the ranaway discharge was recently renewed by the unexpected observations of ?'-ray flashes detected by the Compton Gamma Ray Observatory (CGRO) overflying massive thunderstorm regions in the equatorial regions [Fishman et al., 1994] . Early speculations centered on the ranaway discharge driven by the quasi-static fields induced by lighming [Bell et al., 1995; Roussel-Dupre and Gurevich, 1996] . It was shown that the observed ?-ray intensity and spectrum are consistent with bremsstrahlung due to a beam of relativistic electrons with MeV average energy generated at altitudes higher than 30 km. The generation altitude is a key requirement since '7 rays generated below 30 km will be absorbed by the atmosphere and will not reach satellite altitudes.
In attempting to apply the concept of ranaway breakdown driven by a laminar vertical electric field generated by a lightning discharge at altitudes exceeding 30 km, one is faced with a main difficulty. For such altitudes the mean free path for ranaway electrons exceeds the electron gyroradius in the geomagnetic field. As a result, for the large enough angle between the electric field and the geomagnetic field, the previously developed theory of the ranaway acceleration is not applicable. This is especially true for the equatorial regions where the vertical electric field due to lightning is predominantly perpendicular to the magnetic field. Note that in E_I_B geometry, electrons will be accelerated at E>B if we neglect the dynamical friction. The objective of this paper is to generalize the theory of the ranaway acceleration to the case of a laminar electric field at an arbitrary angle to the magnetic field and discuss the relevant threshold conditions for ranaway discharge.
In the next section we introduce the equations of motion of the ranaway electrons under laminar electric and magnetic fields in the presence of the dynamical friction force. Then we discuss a stationary solution of these equations and obtain the ranaway threshold. In section 3 the electron trajectories in momentum space are studied, where we concentrate on the ranaway process which occurs in orthogonal electric and magnetic fields. Also in this section the separatrix is obtained, which separates momentum space into two regimes: those electrons which possess trajectories that take them to higher energies and other electrons which possess trajectories leading to zero energy. In section 4 we consider a spreading of ranaway discharge stimulated by a high-energy electron. Here the most stress is put on the process which occurs in the parallel electric and magnetic fields. In section 5 we discuss the electron ranaway which happens at the arbitrarily angle between the electric and magnetic fields. This is followed by a short discussion and conclusions.
Motion of Runaway Electrons in the Electric and Magnetic Fields
In the presence of the magnetic field the conditions for electron ranaway are different from those described in the previous section. In order to discuss the effects caused by the magnetic field, we will study the motion of fast electrons in the air under the influence of both electric E and magnetic field B. The latter process is described by the following equation: dp d-•' = ½E+ inc? For nonrelativistic electrons the dynamical friction force rapidly decreases with the increase of the electron momentum:
The dynamical friction force (equation (8) 
We consider now the stationary solution of equation (7) Function wc/u determines the effect caused by the magnetic field on the electron motion. Note that this ratio changes rapidly with the height and with the electron energy. We also have to mention that the momentum p is given by the solution of equation (13), which is an implicit function, since both the dynamical friction force Fo and collision frequency v depend on the absolute value of momentum p according to equations (7) and (8). Actually, equation ( Figure 3 shows that electrons having low energy ('7 -1) move almost parallel to the direction of the electric field. This is due to the fact that at low electron energy the electron collision frequency is much higher than the cyclotron frequency Wc, and thus the effect caused by the magnetic field on the electron motion is not significant. When the electron energy increases, the electron collision rate reduces rapidly. It leads to a deflection of the electron velocity from the direction of the electric field. If the magnetic field increases, the angle c• gradually tends to to/2, i.e., in a strong magnetic field, relativistic electrons start drifting in the E xB direction.
The Electron Runaway Basin Boundary

Equations of the Electron Motion
We now study the equation of the electron motion (equation (7)) in order to obtain the separatrix which separates momentum space into two regimes: those electrons which possess trajectories that take them to higher energies and other electrons which possess trajectories leading to zero energy. Using the dimensionless variables iS0 and T?0 defined by equation (18), equation (7) 
Electron Runaway in Perpendicular Electric and Magnetic Fields
In this case the momentum is fading along the axes z, so essentially, electrons are moving in the x-y plane. At low magnetic field rl0 < (So, two kind of trajectories occur depending on the initial conditions. An electron having low initial energy loses its energy and eventually stops, while the electron having high enough initial energy runs away along the trajectory almost linear in /3.•,/3y space and gains the energy. This regime resembles ranaway as it happened in the absence of a magnetic field.
The picture changes when the magnetic field increases so that r/0 >_ iS0. In this case, three different types of trajectories occur, depending on the initial conditions, as shown in Figure 4 along with the corresponding temporal evolution of the electron kinetic energy.
In some cases an energetic electron starts from a point marked by a cross in the/3x,/3y plane and then rapidly loses its energy and eventually stops (Figures   4a and 4b) . In other cases the electron starts at a point marked by a cross and then moves along the spiral trajectory, while the electron kinetic energy rapidly increases (at t _• to) and then reaches its steady state value after making several oscillations (Figures 4c  and 4d ). This regime is strongly different from what happened in the absence of a magnetic field, since in the absence of a magnetic field the runaway electron gains a very high energy, while in the E_I_B field the steady state is reached at a much smaller electron energy.
We describe also the third kind of trajectory when the electron moves along the spiral trajectory, loses its energy, and eventually stops (Figures 4e and 4f) . This happens when the/3v momentum component reaches such negative value that the first and second terms in the right-hand side of Equation (26a) Note that a primary ranaway electron is able to produce a secondary electron which also runs away if the kinetic energy of the primary electron is at least twice that required for runaway. This is the condition of the ranaway breakdown . The separatrix of ranaway breakdown is obtained as it was done for the runaways but using an additional condition that the steady state kinetic energy of the ranaway electron is twice as large as its initial value. 
Spreading of the Runaway Discharge in the Presence of a Magnetic Field
We consider now the runaway discharge stimulated by a seed high-energy electron. In the absence of the magnetic field the runaway discharge spreads inside a cone stretched along the direction of the electric field ]. Below we discuss how the magnetic field affects the structure of the runaway discharge and the dynamics of its spreading. We concentrate mainly on the case when the electric and magnetic fields are parallel to each other. The motion of runaway electrons is studied in the spheric coordi- We consider next the diffusion of runaway electrons which occurs in a plane perpendicular to E, and is caused by the fact that secondary electrons appear at an arbitrarily angle. As a result of this diffusion the runaway discharge caused by a single seed electron acquires a conical shape as shown by Gurevich et al. [1994] Figure 7 reveals that the magnetic field reduces the diffusion coefficient and confines the ranaway discharge. The confinement is the only effect caused by the magnetic field parallel to the electric field, since the magnetic field cannot affect the electron kinetic energy. Note that if the magnetic field is directed at a certain angle to the electric field, the ranaway discharge acquires the shape of the cone having an elliptical cross section in the plane perpendicular to E. The semimajor axis is directed parallel to the projection of B on this plane, while the small semiaxis is perpendicular to this projection. Therefore at high altitudes z > 40 km and when the angle • between E and B is close to •r/2, the ranaway breakdown is hindered, while for/3•0 between E and B it can proceed freely. Thus, taking into consideration that the static electric field due to thunderclouds is directed almost vertically, one can expect a significant difference in the parameters of high-altitude discharges which occur in the equatorial and middle latitudes.
Electron Runaway Under an Arbitrary Angle Between Electric and Magnetic
Finally, we obtained the ranaway separatrix which separates momentum space into two regimes: those electrons which possess trajectories that take them into higher energies and other electrons which possess trajectories leading to zero energy. Using this separatrix, the characteristic ionization time required for the creation of a secondary ranaway electron can be estimated.
